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We describe in detail a reliable experimental protocol for c-fos immuno-labeling of patterns of neural
activation in the chinchilla (chinchilla laniger). We report on resting-level neural activity in inferior
colliculus (IC) of auditory midbrain, and on tonotopic bands present following 90 min of pure-tone sound
stimulation. Neurons activated by 6-kHz sound stimulation lay ventro-medial to those activated at 2 kHz.
This is consistent with the known tonotopic organization of IC, and veriﬁed in the present report by
multi-unit neuron response recordings in central nucleus of IC. Of particular interest, we observe a
signiﬁcant reduction in cell labeling adjacent to the tonotopic bands, and suggest that such decreases
represent inhibitory regions. C-fos-labeled bands and lateral regions of reduced labeling resemble
excitatory and lateral-inhibitory response areas of IC neurons.
Crown Copyright © 2014 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/3.0/).1. Introduction
Immuno-labeling of the c-fos protein has been used to study
neuronal activity patterns in several systems of the vertebrate brain
(e.g., vision: Beaver et al., 1993; somatosensation: Filipkowski et al.,
2000; olfaction: Sallaz and Jourdan, 1993; audition: Reimer, 1993).
C-fos is one of a family of immediate early genes characterized by
rapid and transient induction following cell activation, including
the neuronal depolarization that follows sensory stimulation
(reviewed in: Herrera and Robertson, 1996; Hughes and Dragunow,
1995; Loebrich and Nedivi, 2009; Sheng and Greenberg, 1990).
While c-fos protocols exist for a number of mammalian species
(e.g., mouse: Brown and Liu, 1995; Lu et al., 2009; rat: Friauf, 1992;
Nakamura et al., 2005; gerbil: Scheich and Zuschratter, 1995; bat:
Qian and Jen, 1994), there is, to our knowledge, no published c-fos
protocol for the chinchilla.
The chinchilla (chinchilla laniger) is a commonly used model for
studies of auditory function. As a precocious species, the maturity
of its auditory system at birth is similar to that of a human neonate.tory, The Hospital for Sick
g, 686 Bay St, Room 05-9400,
16 813 8390.
D'Alessandro), rvh@sickkids.
vier B.V. This is an open access artThus, at birth, the cochlea is structurally and functionally mature
(Harrison et al., 1996), and at the cortical level, tonotopic maps in
primary and secondary ﬁelds are well-ordered and neurons are
sharply tuned (Pienkowski and Harrison, 2005a). For this reason,
we have chosen this animal model to investigate a number of as-
pects of early postnatal auditory brain development (Pienkowski
and Harrison, 2005a, 2005b; Brown and Harrison, 2010, 2011),
and we found the need for a reliable c-fos labeling protocol as now
described here.
We have developed a c-fos immunolabeling technique for use in
the chinchilla using commercially-available reagents, and use this
protocol to study tonotopic organization in the inferior colliculus
(IC) of auditory midbrain. In response to tonal stimulation, we
observe bands of labeled neurons in the central nucleus of IC, which
accurately correlate with multi-unit electrophysiological re-
cordings made in the same region in a separate set of subjects. We
also report side-bands of reduced labeling that we suggest reﬂect
lateral inhibitory effects.
2. Materials and methods
2.1. Animals
Eighteen chinchillas (chinchilla laniger) were used (8 female, 10
male; supplied by Roseneath Chinchilla, Ontario, Canada). Subjectsicle under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
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using auditory brainstem response (ABR) thresholds to broadband,
47-ms click stimuli (Intelligent Hearing Systems, Smart EP). Sixteen
animals were used in c-fos labeling studies (11 acoustically stim-
ulated, 5 controls kept in silence). Two subjects were used in multi-
unit electrophysiological recording experiments to determine
functional tonotopic map organization in IC. All procedures were
approved and carried out in accordance with the regulations of The
Hospital for Sick Children Research Institute's animal care com-
mittee, following CCAC guidelines.
2.2. Protocol for c-fos labeling studies
2.2.1. Acoustic stimulation
Subjects were kept overnight in a 40 dB sound-attenuating
booth (IAC) with ambient noise levels < 20 dBA. Subjects (n ¼ 11)
were then stimulated free-ﬁeld with gated (100 ms on, 200 ms off)
tones at 2 kHz or 6 kHz, at 60 dB SPL for 90 min. All signals were
calibrated (Larson Davis, Model 831, with B&K #4230 reference
signal). Ten minutes before the end of the stimulation period,
subjects were anaesthetized with ketamine (15 mg/kg i.p.) and
xylazine (2.5 mg/kg, i.p.) and returned to the sound ﬁeld. Silence
controls (n ¼ 5) were treated similarly, but experienced no sound
stimulation.
2.2.2. Histological methods
At the end of the stimulation period, anaesthetized subjects
were transcardially perfused with physiological saline followed by
cold ﬁxative (4% paraformaldehyde in 0.1 M phosphate buffer, pH
7.4). Brains were removed and kept in ﬁxative overnight at 4 C.
Coronal slices (40 mm) were cut (Vibratome™) and treated to
visualize c-fos as follows. To block endogenous peroxidase activity,
sections were incubated in hydrogen peroxide (0.3%), and rinsedFig. 1. Representative sections for a subject who received (A) 90 min of 2-kHz sound stimul
bands within the inferior colliculus. (D & E) Speciﬁcity controls. (D) When primary antib
expressing the fos protein are not labeled. (E) Representative section from the same subje
obtained prior to ImageJ™ thresholding. Scale bars in (A), (B), and (C) indicate 500 mm, (Dwith phosphate buffer (0.1 M; pH 7.4). To block non-speciﬁc anti-
body binding, sections were incubated in a blocking solution, (0.1%
bovine serum albumin; 0.2% Triton X-100; 2% goat serum in 0.1 M
phosphate buffer). Sections were immersed in the following solu-
tions, each followed by buffer rinses: primary antibody (rabbit anti-
Fos polyclonal IgG, Santa Cruz Biotechnology Inc.; diluted 1: 500)
for 48 h at 4 C, secondary antibody (goat anti-rabbit IgG, Jackson
Laboratories Inc.; diluted 1:100) for 1.5e2 h at room temperature,
and avidin-biotin complex (Vector Laboratories Inc., diluted 1:50)
for 1.5 h at room temperature. The diluent for antibody solutions
and for the avidin-biotin complex solution was blocking solution.
Sections were incubated in 3, 30-diaminobenzidine (DAB, 0.05%) for
8 min, and staining revealed by application of 0.001% H2O2. Sam-
ples were then rinsed with phosphate buffer, mounted on gelati-
nized slides, dried, dehydrated, and cover-slipped.
2.2.3. Image analysis
Slides were digitally imaged using Mirax Scan™, which allows
visualization of samples at a range of magniﬁcations, and saved for
further analysis. Using ImageJ™, thresholds were selected which
best captured the pattern of fos-labeled neurons in IC. Images
presented here (unless otherwise speciﬁed) are originals overlaid
with “masks” of labeled neurons detected by ImageJ™ thresh-
olding. To quantify the density of labeled neurons, we deﬁned a
region of interest (ROI) that consists of a grid of discrete, equal-
sized columns overlaid on the centre of rotated collicular slices
such that the edges of the ROI lay approximately 200e400 mmaway
from the dorsal and ventral edges of the colliculus (see left panel,
Fig. 3). The columns of the grid are parallel to iso-frequency regions.
Using a custom-made macro created in ImageJ™, we obtained
counts of labeled neurons within each column of the ROI. To
construct the scale of the abscissa in the resulting histograms
(shown in Figs. 3 and 4), we related position along the tonotopication, (B) 90 min of 6-kHz sound stimulation, and (C) a silence control. Arrows indicate
ody is omitted, there is no substrate for the chromogenic reaction; hence neurons
ct in which primary antibody was included. The 10 magniﬁcations are raw images,
) and (E), 3 mm.
Fig. 2. (A) and (C): Bands of c-fos labeled neurons (indicated by black arrows) following 90 min of pure tone sound stimulation lie within average minimum and maximum depths
(represented as black lines) at which we recorded from neurons tuned to 2 kHz and 6 kHz. (B) and (D): Representative tuning curves from neurons tuned to 2- and 6-kHz,
respectively. Immunolabelling and electrophysiological experiments were conducted on distinct subjects. Scale bars indicate 500 mm.
L.M. D'Alessandro, R.V. Harrison / Hearing Research 316 (2014) 122e128124axis to frequency as follows. Since we presented tonal stimulation
at 2 different frequencies, we noted the average column in which
the peak of the 2-kHz band lay in representative slices, and that in
which the peak of the 6-kHz tonotopic band lay. We then built the
scale such that the distance between the peaks (2- and 6-kHz) was
maintained. The frequency range of the resulting scale relates well
to the tonotopic map in chinchilla IC recorded previously in our
laboratory (Harrison et al., 1998).
2.3. Electrophysiology
Electrophysiological experiments (n ¼ 2) were carried out on a
distinct set of subjects in a 40-dB sound-attenuating chamber (IAC).
Subjects were anaesthetized with ketamine (15 mg/kg i.p.) and
xylazine (2.5 mg/kg i.p.). Half doses of each were administered
approximately every hour tomaintain a surgical level of anesthesia.
Animals respire spontaneously throughout. Surgery consisted of a
tracheotomy and a craniotomy over the auditory midbrain region.
IC was visualized by parting cerebellum and occipital lobe. Re-
cordings were made with tungsten microelectrodes (3e5 MU)
placed using microdrive coordinates and introduced along the
dorsoeventral axis of IC. Because spontaneous rates in IC neurons
in the anaesthetized subject are typically low (Palombi and
Caspary, 1996c; Zurita et al., 1994), to measure inhibitory neural
activity, auditory neurons were drivenwith a 50 dB pure tone at the
approximate characteristic frequency for that electrode depth to
stimulate the contralateral ear. All other recordings were made inquiet. Auditory neurons were initially detected using a broadband
noise search stimulus. Response properties were measured using
pseudorandomly presented pure-tones (¼-octave spaced between
100 and 400 Hz, 1/8th-octave-spaced between 400 Hz and 20 kHz)
delivered monaurally in a calibrated, closed sound system. Stimuli
were presented to the right ear and recordings made from the
contralateral IC. Tones were presented at 4 levels in 10 dB steps
starting from below threshold (approximately 0 dB SPL). Electrode
signals were ampliﬁed, band-pass ﬁltered (0.3e5 kHz) and digi-
tized at 25 kHz (Brainware™, System 3, Tucker Davis Technologies).
Action potentials were discriminated online using voltage window
thresholding. Neuron response properties shown in Figs. 3 and 4
are represented as response areas in frequency vs. level space.
3. Results
3.1. Tonotopic bands in IC
Fig. 1A and 1B illustrate that bands (indicated by arrows) of c-
fos-labeled neurons are visible following 90-minutes of pure-tone
sound stimulation. Bands produced with a 6-kHz sound stimulus
lie ventro-medial to labeling present following a 2-kHz stimulus, in
accordance with the known tonotopic organization of IC (e.g.,
Merzenich and Reid, 1974). Of signiﬁcant interest is the observation
of decreased cell labeling adjacent to the tonotopic bands. Basal
levels of c-fos active neurons with no tonotopic banding are
observed in silence controls as illustrated in Fig. 1C. Fig. 1D shows
Fig. 3. (A) Representative sample, rotated, with grid overlaid to obtain cell counts (see Section 2.2.3 Image Analysis, in Methods). Average cell counts (±SEM) for subjects who
received (B) 90-min 2-kHz sound stimulation, (C) 90 min 6-kHz sound stimulation, and (D) silence control subjects. Arrows denote regions of decreased cell labeling. Scale bar in (A)
indicates 500 mm.
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omitted (sections were incubated in fresh “blocking” solution for
2 h). As expected, no cell staining was observed (Fig. 1D); the tissue
is visibly void of colour, in marked contrast to sections that undergo
the primary antibody incubation (Fig. 1E). These results indicate
speciﬁcity of reagent binding; when an incubation step is omitted,
immunolabeling is abolished.3.2. Electrophysiological tonotopic mapping
To further verify the correlation of c-fos banding with neural
functional tonotopic maps we made electrophysiological re-
cordings. In separate animals, neuron characteristic frequency
versus electrode depthmeasures were determined. These electrode
penetration trajectories are shown superimposed on c-fos-labeled
IC sections in Fig. 2A. In Fig. 2B, a representative neural response
area is shown for recordings made between the two electrode
positions shown. Neuron best frequency is approximately 2 kHz.
Similarly in Fig. 2C and Fig. 2D, neurons between the electrode
positions shown respond best to 6 kHz. These results serve to
conﬁrm that a band of fos-labeled cells caused by a certain tonal
sound stimulus corresponds to activity of auditory neurons tuned
to that sound frequency.
To quantify c-fos labeled cell density, a grid aligned along the
tonotopic frequency axis in IC and perpendicular to the labeledband was used as shown in Fig. 3A. Cell counts so determined are
shown for two experimental groups and one silence control group
in the histograms of Fig. 3B, C, and 3D respectively. For the 2 kHz
frequency band in Fig. 3B and the 6 kHz band in Fig. 3C there is a
clear increase in the number of labeled cells compared with off-
frequency areas and silent controls (Fig. 3D).
Pooled data from the 11 experimental and 5 controls animals is
presented in Table 1. Compared with controls, there is a signiﬁcant
(40%) increase in labeled cells in the 2-kHz region and a 72% in-
crease in the 6-kHz region.3.3. Excitation and inhibition revealed in c-fos labeling patterns
As described in Methods (Section 2.2.3, Image Analysis), we
estimated frequency from position along tonotopic axis. In tone-
stimulated subjects, we consistently observe regions adjacent to
the tonotopic band where there are signiﬁcant reductions in c-fos
labeling. This reduction in labeling occurs at approximately one
octave above and below the peak of the tonotopic band (peak-to-
trough). In Fig. 4, we show sample neuron responses from excit-
atory (black) and inhibitory regions (white) in IC. In these exam-
ples, the neurons were driven to have a high discharge rate (grey)
and a single tonal probe elicits increases or decreases in ﬁring rate
as indicated. We suggest that the c-fos labeling patterns observed
reﬂect lateral inhibitory effects in IC neurons.
Fig. 4. Qualitative comparison of lateral inhibition revealed by c-fos labeling and in unit neural responses. Left panel: c-fos labeling of 2 kHz frequency band in chinchilla IC (central
nucleus). On each side of e and just adjacent to e the area of increased labeling is a region with less neurons labeled (arrow markers). These regions of suppressed activity are likely
the result of lateral inhibition. Scale bar: 500 mm. Right panel: examples of lateral inhibition in frequency tuning curves (FTCs) recorded from chinchilla IC neurons are shown for
comparison.
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We have developed a reliable method to label c-fos-active cells
in auditory midbrain of chinchilla. Our protocol is based on
methods similar to those developed for other animal species
(Brown and Liu, 1995; Harrison and Negandhi, 2012; Lu et al.,
2009). However, these studies focus on altricious laboratory sub-
jects (e.g., mouse, rat), who undergo hearing onset after birth
(P12eP14 in rat; Geal-Dor et al., 1993), whereas the chinchilla is
precocious: cochlear function begins in utero, similar to humans
(Querleu et al., 1988). Moreover, our protocol uses only
commercially-available reagents, thus it is accessible to the wider
research community. To use c-fos labeling to reveal functional or-
ganization in the auditory midbrain, the subject: must beTable 1



















106.9 ± 37.1 e 76.2 ± 39.0 t(343) ¼ 7.58, p < 0.001
6-kHz
band
e 111.8 ± 37.6 64.9 ± 33.5 t(435) ¼ 13.9, p < 0.001
ROI 333.9 ± 118.3 378.9 ± 143.5 306.1 ± 108.7
a One coronal slice yields 2 samples.maintained in a (near) silent environment for many hours prior to
exposure to the acoustic stimuli of interest; has to be exposed to the
stimulus for an adequate period of time, and the brainmust be ﬁxed
at within a time window corresponding to the dynamics of c-fos
expression. Our protocol has achieved this. We can histologically
image tonotopic bands present following pure-tone sound stimu-
lation. The location of these bands is consistent with the known
sound-frequency organization of auditory midbrain. The presence
of bands agrees with reports in the literature from other animal
species measured both with c-fos immunolabeling (e.g., Brown and
Liu, 1995; Friauf, 1992) and 2-deoxyglucose measurements (e.g.,
Ehret and Romand, 1994). To our knowledge, the correlation of
these bands with electrophysiological recordings, and the poten-
tially inhibitory sidebands observed adjacent to these bands are
new ﬁndings. Taken together, these results suggest that the c-fos
labeling technique can be used to study tonotopic organization in
chinchilla.
C-fos is one of a family of immediate early genes expressed
rapidly after neural excitation (depolarization; Herrera and
Robertson, 1996; Hughes and Dragunow, 1995; Loebrich and
Nedivi, 2009; Sheng and Greenberg, 1990). Immediate early gene
expression is rapid, in part, because de novo protein synthesis is not
involved, nor is prior activation of other genes required (Cochran
et al., 1984; Greenberg et al., 1986). Although the relationship be-
tween neuronal activation and c-fos induction is not fully under-
stood, part of the signal transduction pathway involves the inﬂux of
Ca2þ either via activation of NMDA-type glutamate receptors or via
voltage-gated Ca2þ channels (Platenik et al., 2000). The c-fos pro-
tein is translated from c-fos mRNA in the cytoplasm, then moves
into the cell nucleus where it dimerizes with other transcription
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that the c-fos protein is labeled in the present study (Curran et al.,
1984; Roux et al., 1990). It is important to note that c-fos labeling is
not initiated by changes in cell energy metabolism unlike, for
example, 2-deoxyglucose uptake. We mention this because it is
sometimes debated as to whether inhibitory processes use less or
equivalent energy to neural excitation. If c-fos labeling was
dependent on ATP use, we would need to consider this issue.
However, it is accepted that the initiation of c-fos expression is
triggered by calcium channel modulation directly associated with
cell excitation (depolarization; reviewed in Finkbeiner and
Greenberg, 1998) and not linked to energy metabolism.
In addition and of some interest, we have observed regions of
decreased cell labeling adjacent to the bands of labeled neurons,
which has not been previously reported using this technique. It is
plausible that this decrease represents an inhibitory region, and our
qualitative comparisons between labeling patterns and lateral in-
hibition in IC neuron responses (Fig. 4) supports this hypothesis.
Lateral (or sideband) inhibition is a rather ubiquitous property of
auditory neurons and has been studied at the level of IC by a
number of authors (Alkhatib et al., 2006; Ehret and Merzenich,
1988; Palombi and Caspary, 1996a). Iontophoretic application of
bicuculline and strychnine e GABAA and glycine receptor antago-
nists, respectively e increases ﬁring rate and tuning curve width of
neurons in IC (LeBeau et al., 2001; Mayko et al., 2012; Xie et al.,
2005). Anatomically, neurons in the central nucleus of inferior
colliculus are arranged in iso-frequency laminae that are orthog-
onal to the tonotopic axis (Morest and Oliver, 1984; Oliver and
Morest, 1984; Schreiner and Langner, 1997). Malmierca et al.
(1993) describe two types of ﬂattened neurons observed in the IC
of adult rat: ﬂat neurons have dendritic arbors that are thinner and
denser, and form laminae; less ﬂat neurons have thicker arbors, are
less dense, and are found to populate the inter-laminar compart-
ments. Regions of inhibitory activity may occur in these interlam-
inar compartments: inhibitory connections between laminae have
been reported in the bat (Pollak and Park, 1993) and cat (Palombi
and Caspary, 1996b). While it is reasonable to posit that the re-
gions of decreased cell labeling adjacent to the bands of fos-labeled
cells correspond to inhibitory regions, further studies are needed to
test this hypothesis.
In the central nucleus of IC, a large proportion of neuron re-
sponses have some inhibitory properties. These have been vari-
ously described in both the time domain, (where cells are inhibited
before and/or after periods of excitation), or in the spectral domain
where various patterns of lateral inhibition have been described
(Davis et al., 1999; Ehret and Merzenich, 1988; Le Beau et al., 1996;
McAlpine et al., 1996; Palombi and Caspary, 1996a; Sanes et al.,
1998; Wu et al., 2004). For example, Pollak et al. (2011) have
described many of these excitation/inhibition patterns in IC neu-
rons in the context of detecting frequency modulation (FM) rates
and directions. These authors have well demonstrated the in-
teractions between inhibitory and excitatory responses, including
detailed descriptions of how sideband (lateral) inhibition shapes
the tuning curves of IC neurons. In the chinchilla, Alkhatib et al.
(2006) have classiﬁed subgroups of IC (central nucleus) neurons
according to patterns of inhibition (mainly in the spectral domain).
They have made recordings in the un-anaesthetised animal,
because many anesthetic agents suppress spontaneous activity
levels and thus the base line from which inhibition can be
measured. They report that symmetrical and asymmetrical “side
band” inhibition as a very common neuron type. In our illustrative
example of Fig. 4, we have recorded this example of lateral inhi-
bition in IC in the ketamine-anesthetized subject by using a
contralateral CF tonal stimulus to increase the background resting
spike rate. The pattern of lateral inhibition shown in this example istypical of symmetrical side band inhibition, and similar to exam-
ples given by Alkhatib et al. (2006) from the unanaesthized chin-
chilla. We use this example as a qualitative comparison between
the spectral (lateral) pattern of inhibition and the spatial distribu-
tion of c-fos labeled cells.
We note that the spatial extent of the region of c-fos labeled cells
is more than would be expected if a near threshold tonal stimulus
was used for c-fos activation. However our stimulation tones was
presented suprathreshold (at 60 dB SPL), and thus activated awider
neuron array. It is also possible that the c-fos labeled band width is
determined by the laminar neuro-architecture of IC central nucleus
as described by Malmierca et al. (1993) and Winer and Schreiner
(2005). This laminar neuronal organization in IC translates func-
tionally into “frequency band laminae”, and may relate to obser-
vations of a discontinuous, or stepwise increment in, tonotopic
organization (Malmierca et al., 2008; Schreiner and Langner, 1997),
which has been reported as ~0.3 octaves per frequency step, in-
dependent of frequency (rat IC: 0.29 octaves per frequency step,
Malmierca et al., 2008; cat IC: 0.28 octaves per frequency step,
Schreiner and Langner, 1997).
Immunohistochemical techniques complement electrophysio-
logical studies. Much progress has been made in understanding
neural function throughout the brain with multi-electrode, multi-
site recordings in both anaesthetized and awake subjects. While
electrophysiological studies have high temporal resolution, they are
invasive, and have low spatial resolution. Previous histological ac-
tivity markers that have been employed (e.g., [C14]-2-deoxyglucose,
and the mitochondrial enzyme cytochrome oxidase) have supple-
mented results from electrophysiological methodologies by
permitting visualization of global neuronal activation patterns.
These methods have high spatial resolution, but low temporal
resolution. C-fos immunohistochemistry also allows mapping of
global neural activation patterns, with the additional beneﬁt of
single-cell-level resolution. Additionally, during stimulation and
subsequent induction of immediate early genes, subjects are awake,
with minimal interruption to their “normal” behavior. In the pre-
sent study, we have employed these complementary techniques;
results observed are in accordance with each other.Acknowledgements
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